Normal microvessel structure and function in the cochlea is essential for maintaining the ionic and metabolic homeostasis required for hearing function. Abnormal cochlear microcirculation has long been considered an etiologic factor in hearing disorders. A better understanding of cochlear blood flow (CoBF) will enable more effective amelioration of hearing disorders that result from aberrant blood flow. However, establishing the direct relationship between CoBF and other cellular events in the lateral wall and response to physio-pathological stress remains a challenge due to the lack of feasible interrogation methods and difficulty in accessing the inner ear. Here we report on new methods for studying the CoBF in a mouse model using a thin or open vessel-window in combination with fluorescence intra-vital microscopy (IVM). An open vessel-window enables investigation of vascular cell biology and blood flow permeability, including pericyte (PC) contractility, bone marrow cell migration, and endothelial barrier leakage, in wild type and fluorescent protein-labeled transgenic mouse models with high spatial and temporal resolution. Alternatively, the thin vessel-window method minimizes disruption of the homeostatic balance in the lateral wall and enables study CoBF under relatively intact physiological conditions. A thin vessel-window method can also be used for time-based studies of physiological and pathological processes. Although the small size of the mouse cochlea makes surgery difficult, the methods are sufficiently developed for studying the structural and functional changes in CoBF under normal and pathological conditions.
Introduction
Normal function of the microcirculation in the cochlear lateral wall is critically important for maintaining ion and fluid balance in the inner ear. Sensory hair cells are strikingly vulnerable to ischemia, and disruption of cochlear blood flow (CoBF) is implicated in many inner ear pathologies (Brown et al., 1995; Gratton et al., 1996; Le Prell et al., 2007; Miller et al., 1995; Nakashima et al., 2003; Nuttall, 1999; Offner et al., 1987; Dai and Shi, 2011; Trune and Nguyen-Huynh, 2012; Wangemann, 2002) . Surgical access to the cochlea, however, is challenging. Direct measurement of CoBF is difficult and techniques for assessing blood flow are still under development. Various methods are used for assessment of CoBF, including laser-doppler flowmetry (LDF), magnetic resonance imaging (MRI), fluorescence intra-vital microscopy (FIVM), fluorescence microendoscopy (FME), as well as approaches based on injection of dye labeled or radioactive microspheres into the blood stream (Angelborg et al., 1988; Choudhury et al., 2010; Larsen et al., 1982; Le Floc'h et al., 2014; Monfared et al., 2006; Nakashima et al., 2002; Reif et al., 2012; Subhash et al., 2011) . Approaches such as LDF, MRI, and injection of microspheres into the blood plasma are limited in providing information on relative change in blood flow rather than absolute flow rate in individual vessels. FME, a powerful tool for studying CoBF which consists of a flexible imaging fiber coupled to a system for detecting fluorescence, enables investigation of CoBF in single vessels. While FME is limited to certain cochlear areas, including the round window membrane, spiral ligament, and osseous spiral lamina, the endoscope is versatile and small enough for relatively noninvasive imaging of regional (near the round window) blood flow. It is not suitable, however, for imaging blood flow in the stria vascularis. Recently developed optical microangiography (OMAG) enables visualization of CoBF in the apical area of the intact cochlea, however, the method provides less sufficient resolution to resolve individual capillaries of the stria vascularis in a mouse model (Subhash et al., 2011) . Fluorescent IVM in combination with a vesselwindow in the cochlear otic wall enables sufficient optical resolution for investigation of capillary diameter and blood flow velocity under experimental conditions. It is an established and well validated method for research of lateral wall pathophysiology in larger rodents such as the guinea pig (Axelsson et al., 1990; Nuttall, 1987 Nuttall, , 1988 . IVM provides excellent temporal resolution for real-time tracking of changes in cochlear hemodynamics in vivo. However, IVM has not heretofore been developed for the murine model. In this report we demonstrate the feasibility of open and thin vessel-window preparations in an adult mouse model using an FIVM system. Both thin and open otic windows provide quantitative images useful in studies of lateral wall CoBF. A thin vessel-window minimizes damage and experimental artifacts in in vivo imaging of cochlear events and opens opportunities for longer time series imaging of the cochlear microcirculation in mouse models. By contrast, an open vessel-window preparation provides for better resolution and easier application of pharmacological agents to the cochlear lateral wall (e.g, therapeutic or totoxic agents), but at the cost of possibly disturbing cochlear homeostasis. Nevertheless, the two methods do provide complimentary means for studying structural and functional changes in the cochlear microcirculation under normal and pathological conditions. Application of these techniques with recently developed transgenic mice models has the potential for significantly advancing research on CoBF, particularly for unraveling the links between hearing function and pathology related to CoBF and the blood-labyrinth barrier.
Materials and methods

Animals
Mice used in this study were purchased from the Jackson Laboratory, including the strains C57BL/6J (stock number: 000664, ages: 6e8 weeks); C57Bl/6-Tg mice (UBC-GFP, stock number: 004353, ages: 4 weeks); CBA/CaJ mice (stock number: 000654, ages: 6 w 8 weeks); NG2DsRedBAC transgenic mice (stock number: 008241000664, ages: 8 w 12weeks). CBA/CaJ mice were used in the sound stimulation experiments. C57BL/6J and 57Bl/6-Tg mice were used in bone marrow transplantation experiments [C57Bl/6-Tg mice served as donor mice, C57BL/6J mice the recipients, reconstituted green fluorescence protein (GFP) labeled-bone marrow derived cells (GFP þ -BMDCs) were assessed at age 18 months]. Neural/Glial antigen 2 (NG 2 ) DsRedBAC transgenic mice were used in experiments to study pericytes (PCs). All animal experiments reported here were approved by the Oregon Health & Science University Institutional Animal Care and Use Committee (IACUC). The approval number is MU7_IS00001157. Euthanasia was carried out using methods approved by the American Veterinary Medical Association Panel on Euthanasia.
Surgical preparation
Surgery to create an open window
The mice were anesthetized with an i.p. injection of a mixture of ketamine (100 mg/ml; 0.067 mg/gm) and xylazine (20 mg/ml; 0.013 mg/gm) wrapped in a heating pad, and maintained with rectal temperature approximately 37 C. Anesthetic depth was ascertained by monitoring the paw reflex and the general muscle tone. The left bulla was opened via a lateral and ventral approach, leaving the tympanic membrane and ossicles intact (Nuttall, 1987) . Two different methods can be employed to create an open vesselwindow: (1) The open vessel-windows can be created using a small knife blade (a custom milled # 16 scalpel) to make a rectangular fenestrate (approximately 0.1 Â 0.1 mm) over the spiral ligament. The area is by gently scored and then elevated with the knife (Nuttall, 1987) . (2) The open vessel-window can be created by scraping the lateral wall bone until a thin spot is cracked. The bone chips are removed with small wire hooks, and a window opened over the spiral ligament. The latter method is generally found more convenient. In both procedures the vessel-window is covered with a cut microscope coverslip (Cat # 12e542A, Fisher Scientific) to preserve normal physiological conditions and provide the best optical view for recording vessel images.
Surgery to create a thin vessel-window
In preparation for a thin vessel-window, the mucosa on the bone of the basal turn was first removed and then the bone dried using sterile cotton swabs. Using the same custom milled # 16 scalpel (as above), the bone was thinned with extremely slow and gentle cutting. No direct downward pressure was applied to the bone. The thickness of the cochlear lateral wall was occasionally checked by adding saline to the thinned area and viewing it in the operating microscope. The bone cutting was accomplished by light sweeping motions nearly parallel to the cochlear lateral wall were used (when thinning the cochlear wall fails, the speed and volume of perilymph leakage indicates the fistula). In preparation for a 'chronic' thin vessel-window, the opened bulla was cleaned with sterile gauze and sealed with a piece of 3 Â 2 Â 1 mm 3 subcutaneous adipose tissue. The surgical wound was closed under sterile conditions. Immediately after the procedure was completed, the animal received a subcutaneous injection of meloxicam at 1 mg/kg. To re-assess the thinned window, the bulla was re-opened and adipose tissue gently removed. If necessary, the area of the thin otic capsule was recreated by removing any fibrous tissue using the custom made scalpel blade. The thickness of the fibrous tissue in the 'chronic' preparation is dependent on the intervening time between the two consecutive experiments. If the two experiments are done within one week, the fibrous tissue over the tinned vesselwindow is relatively thin. Thicker fibrous tissue occurred when more than one week intervened between experiments. This procedure can be repeated to allow further experiments. Meloxicam was administered at the same dose as described previously for recovery surgery).
Recording CoBF with fluorescein isothiocyanate dextran (FITCdextran) labeling of blood plasma
CoBF was visualized using FITC-dextran dye as a contrast medium for the blood stream (Nuttall, 1987) . FITC-dextran (see Table 1 Sigma) was slowly administrated intravenously to the mouse at a concentration of 40 mg/ml in 0.1 ml physiological solution over a 5 min interval. The blood vessels were imaged using an Olympus 
Blood vessel diameter, blood flow velocity and vascular permeability measurements
The internal (luminal) diameter of the capillaries was determined from acquired images. Image J was used to determine the distance between two fixed points across the capillary (Dai and Shi, 2011) . Capillary diameter was measured at locations of maximum response. Dilation was assessed as a percentage of the baseline diameter. Blood velocity was determined from captured video frames and analyzed off-line, calculated by a cross-correlation method using custom-made image analysis software (Dai and Shi, 2011) . In brief, the luminal intensity spatial structure is captured in image sequences which are cross-related using the custom software. For two locations along a vessel the time difference of maximum correlation was determined. Blood flow velocity was calculated by dividing the spatial distance between the image locations (D) by the time difference.
Vascular permeability in vivo was assessed by recording tracer movement observed through the prepared open vessel-window. Vascular permeability in control and noise-exposed animals (immediately at the cessation of the loud sound stimulation regime) was assessed using a FITC conjugated bovine albumin tracer (see Table 1 FITCealbumin, 66 kDa, A-9771, Sigma). FITC-albumin (40 mg/ml in 100 ml saline) was i.v. administered into the femoral vein of the anaesthetized mouse 10 min prior to recording. Albumin leakage was quantified by comparing the mean fluorescence intensity (I) of two 10 Â 5 mm windows: one window within the vessel (I v ) and the other in the perivessel interstitium (I i ), 10 mm away from the vessel wall. I background was measured as the mean intensity over the observed area just prior to intravenous infusion of FITCealbumin (with video analysis software). The albumin leakage index (Alindex) was calculated as [(I i ÀI background away from vessel area )/ (I v ÀI background away from vessel area )] Â 100% (Shi and Nuttall, 2002) .
Imaging and assessment of PC contractility
To better visualize fluorescently labeled PCs in NG2DsRedBAC transgenic mice, blood vessels were labeled with FITC-dextran. PCs were recognized by the red fluorescence signal of the NG2DsRedBAC excited at 563 nm wavelength, the emission fluorescence acquired through a 600 nm filter. Blood vessels were visualized by exciting at 482 nm and collecting the emission through a 533 nm filter. The created open vessel-window was monitored by video-microscopy using a long working-distance objective lens (20 Â , NA 0.42).
To determine PC contractility, extracellular CaCl 2 at 10 mM was topically perfused to the open vessel-window. Blood vessel diameter was measured before and after CaCl 2 application, and the effect of CaCl 2 on PC contractility analyzed. Image J software was used to measure the luminal diameters at both PC and non-PC locations (more than 10 mm distant from the PC soma). Luminal diameter near PC and non-PC locations, as well as the size of PCs, was measured at the beginning of the perfusion of the agent and at the time when the change in diameter was a maximum.
Bone marrow cell transplantation
The method of bone marrow cell transplantation was previous published (Dai et al., 2010) . Briefly, recipients (C57BL/6J mice) were irradiated (at 9 Gy) with g-emitting source and reconstituted with a single periorbital sinus injection of 2 Â 10 7 GFP þ -BMDCs in 200 ml of modified HBSS from donor transgenic C57Bl/6-Tg mice. Two transplanted mice (age 18 months from a group of mice used in different study) were used to visualize fluorescent labeled bone marrow cells in the opened window. To visualize the capillary boundary, endothelial cells were pre-labeled with the fluorescent dye 1,1-Dioctadecyl-3,3,3,3-tetramethylindocarbocyanine Perchlorate Dil (Dai and Shi, 2011) , dissolved in dimethyl sulfoxide (DMSO, 6 mg/ml, 472301, Sigma). Immediately prior to i.v. infusion, the stock solution was diluted with PBS to a final concentration of 3 mg/ ml, filtered, and injected into the mouse's femoral vein. 0.1 ml of the dye solution was slowly administrated over a 5 min interval. Since DMSO has an effect on vessel diameter (Wangemann et al., 1998) , the final concentration of DMSO in Dil was less than 0.01% by volume.
To visualize GFP þ -BMDC migration in the cochlear lateral wall, the vessels were labeled with fluorescence dye Dil. The GFP þ -BMDCs were observed through the vessel-window at 482 nm excitation and 523 nm emission. Vessels were visualized at 563 nm excitation and 600 nm emission. The images were recorded with a CCD camera at 30 frames/sec and digitally saved.
Measurement of the endocochlear potential (EP)
The method used to measure EP was previously reported (Zhang et al., 2012) . Briefly, the endocochlear potential was recorded under anesthesia as described above, with a silveresilver chloride reference electrode placed under the skin of the dorsal head. An incision was made in the inferior portion of the left post-auricular area and the bulla perforated, exposing the basal turn of the cochlea. A micropipette electrode (w2 mm) filled with 150 mM KCl was advanced through the surgical field into the spiral ligament in control and in experiment mice (immediately after creating an open vessel-window). Potentials were recorded with entry of the electrode tip into endolymph, and the electrode advanced until a stable potential was observed. The signal was amplified (model 3000 AC/DC differential amplifier; A-M Systems, Inc.) and displayed in real-time to guide the procedure. DC potentials were digitalized by an A/D converter and recorded on a computer. The calibrated computer recording was used to measure the EP potential in a postprocedure analysis.
Measurement of thickness of the thinned otic bone
Cochleae from mice subjected to otic bone thinning and controls were perfused with 4% paraormaldehyde (PFA), with the cochlea subsequently harvested, post-fixed in 4% PFA at 4 C, and decalcified overnight in Decal Ò bone decalcifier. The decalcified cochlea was rinsed with two changes of PBS, and dehydrated in graded ethanol baths from 70% to 100%. Baths were repeated two times for 30 min at each ethanol concentration. The cochlea was then cleared with at least two changes of citrisolve or until the tissue was fully translucent. Next the cochlea was bathed 2X for 45 min in paraffin wax embedding medium under vacuum at 56 C. The cochlea was then oriented in a tissue mold and embedded in paraffin wax. The tissue was cut into 5 mm thick sections, collected on Superfrost Plus glass slides, and incubated for 2 h at 60 C for adhesion. The specimens were viewed under DIC microscopy on an inverted FV1000 Olympus laser-scanning confocal microscope and thin section micrographs were recorded. Using a calibrated reticle, thickness of the otic bone was assessed ex-vivo for 10 mid-sections, 5 thin otic windows and 5 controls.
Sound stimulation
For 'medium-level' sound stimulation, a 40 kHz pure tone (a frequency localized for stimulation of the basal turn) was applied in the external ear canal. Sound was administered closed field at an intensity of 85 dB SPL. CoBF was recorded for 3 min prior to sound stimulation, the last 3 min of the 10 min stimulation session, and for an additional 3 min with the sound stimulation turned off.
For exposure to noise ('high-level' sound), the animals were placed in wire mesh cages and exposed to broadband noise at 120 dB SPL in a sound exposure booth for 3 h and for an additional 3 h the following day. The noise exposure regime, routinely used in our laboratory, produces permanent loss of cochlear sensitivity (Shi, 2009 ).
Isolation of the cochlear stria vascularis
After the thin window was created, the whole cochlea was isolated and the thin vessel-window was opened. The whole cochlea was immersed in 4% PFA fixative overnight. The entirety of the stria vascularis was isolated under a dissecting microscope and the isolated tissue imaged under a light microscope. The location of thin-vessel-window was identified by the 'left-over bone chips' on the edges of surgical vessel-window. Location of the vesselwindow was determined using a calibrated reticle.
Statistics
All experiments were performed multiple times to validate the observations, with the data expressed as means AE SD. Statistical analysis was conducted using a Student's t test. A 95% confidence level was considered statistically significant.
Results
Visualization of blood vessels in the cochlear lateral through thin and open vessel-windows
The location of the thin and open vessel-windows made at the basal turn of the mouse cochlea is shown in Fig. 1A (indicated by the dotted rectangle area). Fig. 1 B and C compare the optical quality of in vivo lateral wall blood vessels through thin and open vesselwindows. Blood vessels can be visualized with an intravenous injection of FITC-dextran to the blood plasma in both window preparations. However, the image quality of blood vessels viewed through an open vessel-window is discernibly better than through the thin vessel-window.
In the thin vessel-window preparation, a thickness of otic bone approximately half the value of the thickness of an intact otic bone enables imaging useful for identifying vasculature. Fig. 1DeF are paraffin cross sections, showing that non-thinned otic bone thickness in a normal adult, 4e6 week old CBA/CAJ mouse is approximately 72.2 AE 10.6 mm (n ¼ 5, D), where the thinned otic bone was in the range of 31.0 AE 11.9 mm, n ¼ 5, E). An opened otic bone is shown in (F).
Effect of an open vessel-window on EP
The thin window preparation leaves an intact lateral wall and minimizes disruption of the delicate homeostatic balance in the inner ear. An open window approach can cause the loss of perilymphatic fluid or a micro-injury to the cochlear spiral ligament, altering cochlear homeostasis. To evaluate the quality of the open vessel-window, we measured the EP in individual animals when the open vessel-window was made. Fig. 2A e E show representative EP recordings. The EP's of the five mice with an open vessel-window showed positive values ranging from þ84 mV to þ100 mV with a mean of þ96.8 mV AE 8.7 (Fig. 2 F) . Our results show the open vesselwindow preparation does not substantially effect EP when surgery is conducted with extreme gentleness and care (Fig. 2 F , n ¼ 5, P > 0.05).
Research applications of the two window preparations
An open vessel-window used to assess vascular leakage
An open vessel-window approach provides better spatial and temporal resolution of blood vessels compared to a thin vesselwindow approach. For example, an open vessel-window preparation, combined with administration of a fluorescent tracer such as FITC-albumin, enables study of the vascular permeability in the cochlear lateral wall. Fig. 3 demonstrates vascular permeability in control (A) and noise-exposed mice (B). When animals were exposed to wide-band noise at 120 dB SPL for 3 h/day for two consecutive days, the barrier becomes more permeable to large substances such as FITC-albumin, consistent with our previous report (Shi, 2009; Zhang et al., 2013) . The difference in FITCalbumin leakage in control and noise-exposed animals can be compared by measuring background fluorescent signal, as demonstrated in Fig. 3C (n ¼ 5, *P < 0.001).
An open vessel-window used to study PC contractility
An open vessel-window approach in combination with a transgenic mouse model can be used to study PC contractility. (NG 2 ) is specifically expressed in cochlear PCs (Shi et al., 2008) . PCs can be clearly visualized using a transgenic NG2DsRedBAC mouse model combined with an open vessel-window and fluorescence IVM system. Fig. 4A demonstrates that fluorescent labeled PCs are clearly visible on FITCedextran labeled blood vessels through an open vessel-window.
Using the NG 2 DsRedBAC transgenic mouse, in conjunction with an open vessel-window and time-lapse photography, the role of PC contractility in regulating capillary diameter in the mouse model can be analyzed by comparing changes in lumen diameter at PC and non-PC locations. Fig. 4B and C, captured images before and 3 min after topical application of 10 mM CaCl 2, to show effect of the vasoactive agent on PC contractility. No obvious change in capillary diameter at both PC and non-PC locations before and after application of CaCl 2 was found. The method also permits in vivo study of the effect of other vasoactive agents such as adenosine triphosphate (ATP) and nitric oxide (NO) on PC physiology, all important for understanding CoBF regulation at a microvasculature level.
An open vessel-window used to track GFP þ -BMDC migration
An open vessel-window preparation can be used to directly demonstrate that circulating bone marrow cells infiltrate to the 
A thin vessel-window used to study the effect of sound on CoBF
The thinned otic bone preparation minimizes disturbance of underlying cochlear lateral wall tissue. A thin vessel-window approach can be utilized to study CoBF under physiological conditions. Fig. 6 demonstrates the effect of 'medium-level' sound on CoBF in a thin vessel-window preparation made in the region of the basal turn situated 80% from the apex (indicated by the red square in Fig. 6A ). This location maps to 40 kHz sound stimulation (based on the sound frequency-map of Ou et al., 2000) . With a thin vessel-window, we are able to measure the change in CoBF following 40 kHz sound stimulation at 85 dB SPL without surgically disturbing cochlear lateral wall tissues. Fig. 6 , a representative image, shows the optical quality of microvessels in the thin vesselwindow. Panels C and D in Fig. 6 respectively show measurements of the change in vessel diameter (D diameter ¼ 7.49%, n ¼ 15, *P < 0.05) and blood flow velocity (D velocity ¼ 24.8%, n ¼ 15, *P < 0.05) in mice after 10 min of sound exposure.
A thin vessel-window preparation can be used in longer time studies
A thin vessel-window can also potentially be used for some prolonged studies. For example, it can be used to assess the effect of drug treatment or multiple sound exposures on the same microvasculature. The bulla after each imaging session can be surgically closed and the blood vessels within the thin vessel-window can be imaged over the course of days. In Fig. 7 , we demonstrate the optical clarity of microvessels imaged through the thin vesselwindow on days one, three, and seven after the window was created. The same microvasculature were clearly visualized after FITC-dextran was intravenously injected to the blood plasma. In this preparation, no evidence of perilymph leakage (i.e. accidental creation of a cochleostomy) was seen during multiple imaging sessions (though surgical skill is required to obtain these results).
Discussion
Normal hearing requires tight control over cochlear microcirculation. Reduced CoBF and disruption of the BLB are closely associated with a number of hearing disorders (Aimoni et al., 2010; Brown et al., 1995; Gratton et al., 1996 Gratton et al., , 1997 Miller et al., 1995; Miller and Dengerink, 1988; Nakashima et al., 2003; Nuttall, 1999; Ohlemiller et al., 2008; Dai and Shi, 2011) . However, techniques for assessing blood flow in the cochlear lateral wall are still under development. Here we report on new thin and open vessel-window approaches which, used in combination with fluorescence IVM, facilitate the study of CoBF and physiopathology of various lateral wall cell types in mouse models. Further progress in understanding cochlear microcirculation in mouse models, especially in transgenic models, will lead to a better understanding of CoBF associated cochlear homeostasis.
Two distinct networks, including the capillaries of the spiral ligament and capillaries of the stria vascularis, are arranged in parallel in the cochlear lateral wall (Axelsson, 1968) . Spiral ligament capillaries are usually smaller in diameter than strial capillaries (Shi and Nuttall, 2007) . The strial capillaries are tightly packed with red blood cells. The velocity of blood flow in the strial network is much slower than in vessels of the spiral ligament (Nuttall, 1987) . Both capillary systems are essential for maintaining cochlea hemostasis, ion balance, and nutrient supply. The specific functions of the two vessel systems have not fully characterized. Smooth muscle cells in arteriole vessel walls and PCs on capillaries are thought to regulate lateral wall blood flow in the spiral ligament (Dai et al., 2009) . In contrast, capillaries of the stria vascularis are highly specialized vascular epithelia which form into polygonal loops (Axelsson, 1968) . These capillaries comprise the blood-labyrinth-barrier, similar to the BBB (blood-brain-barrier) and BRB (blood-retinabarrier). Strial capillaries have a minor role in blood flow regulation, but a crucial one in maintaining the EP, ion transport, and endolymphatic fluid balance essential for the ear's sensitivity (Spicer and Schulte, 2002; Wangemann, 2002; Zhang et al., 2013) .
In this study of the mouse cochlea, we demonstrate that both capillaries of the spiral ligament and capillaries of the stria vascularis can be visualized with fluorophore labeling in open or thin window preparations under a fluorescence IVM system. The setup of the IVM system permits convenient placement of the animal preparation and manipulation of microscope position in the x-y plane. The vessels of the spiral ligament and vessels of the stria vascularis are distinguished by location and can be used to assess blood flow with adjustment of the optical focus. Most of the capillaries in the middle part of the spiral ligament passing in (optically) front of the stria vascularis run a more or less straight course from scala vestibule to scala tympani in the spiral ligament (Nuttall, 1987) . These features enable the capillaries of the spiral ligament and stria vascularis to be distinguished.
In general, the choice of the thin or open window approach is determined by experimental goals. A thin vessel-window with intact lateral wall minimizes disruption of the delicate homeostatic balance in the inner ear, but an open window approach provides better imaging resolution as well as better access to the tissue for stimulation with various drugs and chemicals. For example, the open vessel-window approach provides sufficient resolution for determination of vascular permeability and cell migration using different fluorescent tracers. Open vessel-windows are useful for examining changes in cell morphology, as well as pathophysiological parameters, in mouse models. PCs are of particular interest in cochlear physiology due to their role in modulating CoBF (Dai et al., 2009) . In this study, using NG 2 DsRedBAC transgenic mice, the NG 2 labeled PCs were readily observed in an open window preparation (Fig. 4) In most of our studies we were able to maintain a constant and normal EP (as shown in Fig. 2) . The thin otic capsule window approach reported here is adopted from the thin cranial window, a technique widely used in brain studies (Drew et al., 2010) . IVM is ideally suited to a thin cochlear vessel-window preparation for two reasons: 1) The original thickness of otic bone (approximately 70 mm) is thinned by half, reducing the optical scattering to levels sufficient for adequate visualization of vessels without the need to resort to 2-photon imaging and lower temporal resolution. 2) Imaging through a thin window leaves the lateral wall substantially intact, minimizing disruption of the delicate homeostatic balance in the inner ear. The main drawback of the thin window preparation is the increased optical scattering (relative to the open window preparation) and the introduction of bone auto-fluorescence to increase the background signal of the image. However these disadvantages are offset by the advantage of observing physiologically intact functional changes in CoBF and lateral wall biology. With intravenous injection of fluorescent dye, improvement to the signal-to-noise ratio enables observation of vessel diameter and blood flow velocity (Fig. 6) . The approach is preferred if time-series imaging is required to assess an effect on cochlear lateral wall physiology at multiple time points without disturbing the perilymphatic compartment. For example, a thin vessel-window approach can be used to determine the dynamic changes in blood flow velocity and vessel diameter immediately following and at different time points after certain applications. These methods can also be exploited to investigate the acute healing response to cochlear insults such as trauma, infection, noise, foreign bodies, ototoxic drugs, or potentially any agent affecting the lateral wall. Although many other imaging modalities exist for tracking cells of various phenotypes in the inner ear, thin and open window methods have an advantage in unlocking a library of readily available transgenic mouse models for studying inner ear pathophysiology. For example, two-photon microscopy bypasses the problem of otic capsule induced optical scattering. Two-photon imaging, using a long working distance air objective and thin-window preparation, in our experiments resulted in increased spatial resolution at the expense of temporal resolution (data not shown). The decrease in temporal resolution limits real time in vivo analysis to single vessels and introduces movement artifacts.
Overall, this study demonstrates that fluorescence contrast video imaging of the microcirculation, viewed through either thin or open windows on the cochlea, provides sufficient resolution for CoBF studies.
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